The human sperm nucleus contains cytoplasm. However, the origin and incidence of human sperm intranuclear cytoplasmic retention (INCR) remain unknown. The objectives of this study were to observe the morphological origin of INCR within the seminiferous epithelium and investigate the incidence of INCR in fertile and teratozoospermia men using transmission electron microscopy (TEM). By TEM, INCR initially appeared in elongating round spermatid nuclei and varied in size, number, shape, content, location and distribution within sperm nuclei. The teratozoospermia group (n = 16) demonstrated a higher incidence of INCR than did the fertile group (n = 16) (17.6 AE 5.2% vs. 9.7 AE 3.4%; p = 0.000). In the fertile group, no correlations were found between the incidence of INCR and abnormal sperm morphology, nuclear vacuole, acrosome integrity, motility or concentration (p > 0.05). However, the incidence of INCR exhibited a positive relationship with sperm abnormal morphology in the teratozoospermia group (r = 0.616, p = 0.011). These results demonstrate that INCR occurs in the early process of spermatogenesis and is an alteration found in the nucleus. Spermatozoa from teratozoospermia men contained more INCRs than those from fertile males. More attention should be paid to the possibility of spermatozoa containing INCR when using spermatozoa with abnormal head morphology for clinical or diagnostic purposes.
INTRODUCTION
Spermiogenesis is a complex restructuring process through which round spermatids differentiate into elongated spermatids and eventually testicular spermatozoa. During this process, one of the characteristic morphological events of spermatids is that the cytoplasmic volume is greatly reduced (Clermont, 1972; Sprando & Russell, 1987) . Reduced cytoplasm on spermatozoa could allow spermatozoa to have normal sperm functions by facilitating motility (Gomez et al., 1996; Keating et al., 1997; Zini et al., 1998) . Spermatozoa with excess retained cytoplasm are considered as deficient according to the criteria of the World Health Organization (WHO) manual (World Health Organization, 2010) and have pathological implications (Huszar et al., 1997; Zini et al., 2000; Thundathil et al., 2001; Fischer et al., 2003) .
In the testis, spermatid cytoplasm generally has two outcomes (Breucker et al., 1985; Cooper et al., 2004; Cooper, 2005; Rengan et al., 2012) . First, most of the spermatid cytoplasm is phagocytosed as 'residual bodies' by the Sertoli cells in spermiogenesis. Second, a small amount of cytoplasmic residue as a 'cytoplasmic droplet' or 'excess residual cytoplasm' remains on the neck or mid-piece of testicular spermatozoa. In fact, spermatid cytoplasm has a third outcome: entering the sperm nucleus. Previous ultrastructural observations have shown that human sperm nuclei contain cytoplasmic elements, such as lipid droplets, cytoplasmic organelles and membranes (Zamboni et al., 1971; Bartoov et al., 1980; Zamboni, 1987 Zamboni, , 1992 Sathananthan, 2013; Fekonja et al., 2014) . However, no studies have investigated the origin, incidence, mechanism(s) and clinical implications of this nuclear cytoplasm to date.
Spermatid cytoplasm is physiologically sloughed off during spermatogenesis. Typically, the human sperm nucleus has no cytoplasm. However, spermatid cytoplasm is objectively retained within the sperm nucleus. Thus, the term 'intranuclear cytoplasmic retention (INCR)' should be used to describe such a nuclear status. As INCR exists inside the sperm nucleus and is at the level of cellular organelle, it cannot be observed using conventional light microscopy methods. Transmission electron microscopy (TEM) greatly magnifies the sperm nuclear ultrastructure to demonstrate the internal ultrastructural morphology of the nucleus. Therefore, hidden abnormalities within the sperm nucleus can be found by TEM. The objectives of this study were to observe the morphological origin of INCR within the seminiferous epithelium and investigate the incidence of INCR in sperm samples from fertile and teratozoospermia men using TEM. In addition, the relationship between the incidence of INCR and other sperm parameters was analysed.
MATERIALS AND METHODS

Semen and testicular tissue samples
Semen samples from 16 infertile men (aged 26-37 years) with teratozoospermia (teratozoospermia group) were used in this study. The diagnosis of teratozoospermia was determined according to the criteria of the WHO manual (World Health Organization, 2010) and was confirmed by two or three consecutive semen analyses. Based on the experimental design, normal sperm head morphology was <4% in samples from the teratozoospermia group. The controls included 16 normal fertile donors (aged 28-35 years, fertile group) who had fathered a child in the past 12 months,and the semen samples from fertile controls had normal sperm parameter values. Testicular tissue specimens were obtained from three infertile patients (aged 33-45 years) with obstructive azoospermia in the assisted reproduction programme. All semen and testicular samples were obtained from the First Affiliated Hospital of Jinan University, China. Informed consent was obtained from all males. The study protocol was approved by the local research ethics committee.
Sperm assay
The semen samples were obtained after 3-7 days of abstinence. Semen analysis was performed according to the WHO manual (World Health Organization, 2010) . Sperm morphology was determined after slide staining with the modified Papanicolaou-staining method. The sperm nuclear vacuole assay was performed as described by Zhu et al. (Zhu & Li, 2015) . The acrosome integrity of spermatozoa was examined with fluorescein-labelled Pisum sativum agglutinin as previously described (Liu & Baker, 1994) .
Transmission electron microscopy
A volume of 1.0 mL of the semen sample was centrifuged at 400 g for 15 min, and the seminal plasma was aspirated. The sperm pellet was fixed in 2.5% glutaraldehyde in 0.1 mol/L sodium cacodylate/HCl buffer, pH 7.2-7.4, for 4-6 h, then postfixed in 1% osmium tetroxide for 2 h, dehydrated in graded alcohol and embedded in Emix resin. Ultra-thin sections (70-80 nm) were cut and double-stained with uranyl acetate and lead citrate. The INCR in sperm heads was observed with a transmission electron microscope (TELNAI-10, PHILIPS, Eindhoven, the Netherlands). Longitudinal sections of >100 sperm heads were examined for the presence of INCR. The percentage of sperm head with INCR was calculated.
For testicular tissues, the samples were fixed in glutaraldehyde solution and then prepared for TEM using the above method.
Spermatogonia, spermatocytes and spermatids in germinal epithelia were observed for the morphological evidence of INCR.
Statistical analysis
Data were expressed as mean AE SD. The difference between values obtained by the two sperm populations was evaluated by independent-samples t-test. A difference with p < 0.05 was considered significant. The potential relationship in both fertile and teratozoospermia groups between values of INCR following TEM-observed spermatozoa and values of sperm nuclear vacuole, sperm acrosome integrity, sperm abnormal morphology, sperm motility or sperm concentration was analysed using Pearson's correlation test. All statistical analyses were performed using SPSS for WINDOWS version 16.0 (Chicago, IL, USA).
RESULTS
Characteristics of INCR
TEM revealed that INCRs are common ultrastructural phenomena within sperm nuclei. All ejaculates in both fertile and teratozoospermia groups had spermatozoa with INCRs. INCR existed within a nuclear vacuole and varied in size, number, shape, content, location and distribution. Large or small vacuoles, abnormal nuclei or nuclei with a normal-looking outline contained INCRs. Single or several INCRs were observed within the nuclei. INCRs appeared anywhere within the nucleus, such as anterior region, posterior region, nuclear edge or near the neck. Some INCRs occupied large regions within the nuclei. Most INCRs were identified as irregular membranous structures, which mainly showed stacks of membranes. Some INCRs were mitochondria, lipid droplets and amorphous substances. There were significantly more spermatozoa with INCR in the teratozoospermia group than in the fertile group (17.6 AE 5.2% vs. 9.7 AE 3.4%; p = 0.000), as shown in Table 1 . In addition, large and multiple INCRs within nuclei were more frequent findings in spermatozoa from the teratozoospermia group.
Morphological origin of INCR
In germinal epithelia, the nuclei of spermatogonia, spermatocytes and early-stage round spermatids did not present nuclear vacuoles or INCRs. INCRs were observed in the nuclei of elongating round spermatids and elongated spermatids. Some INCRs showed membranous structures and amorphous substances ( Fig. 2a-e) .
Correlation between sperm INCR and sperm parameters
Sperm parameters in the teratozoospermia group were significantly poorer than those in the fertile group (Table 1 ). In the fertile group, no significant correlations were found between the incidence of INCR and sperm nuclear vacuole, sperm acrosome integrity, abnormal sperm morphology, sperm motility or sperm concentration (p > 0.05). However, compared with the fertile group, the teratozoospermia group exhibited a positive relationship between the incidence of INCR and abnormal sperm morphology (r = 0.616, p = 0.011). The other sperm parameters, including sperm nuclear vacuole, sperm acrosome integrity, sperm motility and sperm concentration, in the teratozoospermia group, were not associated with the incidence of INCR 318 Andrology, 2018, 6, 317-324 (p > 0.05). The correlation coefficients and significant values are presented in Table 2 .
DISCUSSION
An INCR is a cytoplasmic element within the human sperm nucleus, which should be physiologically discarded from spermatozoa during spermiogenesis (Clermont, 1972; Sprando & Russell, 1987; Rengan et al., 2012) . As INCR is an intranuclear factor, it can be a sperm nuclear defect that may impair reproduction. The present study is the first report detailing INCR based on TEM observation. Evaluating INCR should increase the current knowledge relevant to changes in spermatid cytoplasm during spermiogenesis and provide a better understanding of certain types of male infertility or defective reproductive outcomes.
During spermiogenesis, the sperm nucleus is extensively remodelled and cytoplasm is greatly eliminated (Ward & Coffey, 1991; Dadoune, 1994) . As INCR relates to both intranuclear and cytoplasmic changes (Rengan et al., 2012) , this condition would appear during spermiogenesis. In the present study, INCRs were initially present in nuclei of elongating round spermatids in the germinal epithelia, providing morphological evidence that INCR originates in the elongating phase of spermiogenesis and demonstrates that the biogenesis of INCRs, including vacuoles (INCR in a vacuole), is an early event during the process of spermiogenesis. Moreover, this study showed that sperm nuclei from both teratozoospermia men and fertile males contain cytoplasm, and abnormal nuclei and the nuclei with a normal-looking outline also contain cytoplasm. The cytoplasm occupied a large volume within the nucleus (see Fig. 1d,g,h,i) . These results reveal that human spermatozoa containing cytoplasm are a common nuclear phenomenon, suggesting that there are some dynamics or factors for promoting or inducing the entry of the cytoplasm into the nucleus. In humans, both the spermatid and sperm nucleus have nuclear membranes that act as physical barriers separating the cytoplasm from the nucleus; however, the entry of cytoplasm into the nucleus through active or positive mechanisms remains unknown. The formation of INCR could be related to the following factors: (i) the characteristics of human sperm nucleoproteins. Human sperm nuclei typically contain approximately 85% protamines and residual 15% histones (Gatewood et al., 1987; Bench et al., 1996) . Protamines are highly basic proteins that provide spermatozoa with a highly condensed and compact nucleus. Histones are less basic than protamines and result in a less tightly compacted chromatin structure. Mouse sperm nuclei contain more than 95% protamines in their nucleoprotein component (Bellv e et al., 1988) and have no INCRs or nuclear vacuoles (author's observation). Thus, high residual histones in the nucleus would probably be the biological basis for the occurrence of INCR of human spermatozoa.
(ii) The aberrant packaging of nuclear chromatin. Nuclear chromatin undergoes progressive condensation during spermiogenesis in which protamines facilitate the condensation of the nucleus (Balhorn, 1982; Braun, 2001) . Abnormal histone to protamine ratios, altered ratios of protamine 1 and 2 or the absence of protamines adversely affects chromatin packaging (Aoki et al., 2006; Torregrosa et al., 2006; Simon et al., 2011) . Spermatozoa with abnormal head morphology had a higher percentage of protamine deficiency (Torregrosa et al., 2006; Ni et al., 2016) . Furthermore, protamine-deficient spermatozoa also show higher levels of DNA damage and lower head intensity (Aoki et al., 2005; Savadi-Shiraz et al., 2015) . The present study demonstrated that high abnormal head morphology was associated with the incidence of INCR. Thus, any modification or absence of protamines leads to an anomaly in the packaging of nuclear chromatin, which may facilitate the entry of spermatid cytoplasm into the nucleus. Additionally, spermiogenesis is a relatively long process, lasting approximately 22 days in humans (Heller & Clermont, 1964) . As this long period is necessary for chromatin packaging, many exogenous and internal factors, such as heat stress, alcohol, varicocele, genital tract infection and reactive oxygen species (ROS), have deleterious effects on chromatin condensation (Naughton et al. (Dadoune, 1994) . Sertoli cells serve to remove cytoplasm from spermatids by phagocytosis (Mruk & Cheng, 2004; Rengan et al., 2012) . Abnormal phagocytosis or defective functions of Sertoli cells result in the incomplete engulfing of spermatid cytoplasm, likely leading to the transport of fragmented cytoplasm into the nucleus. (iv) In the human endometrium, the endoplasmic reticulum of the cytoplasm is physiologically induced into the nucleus by the nucleolar channel system (Terzakis, 1965; Isaac et al., 2001) . In eukaryotic cells, cytoplasmic proteins and RNAs are imported into the nucleus through nuclear pores (Schlenstedt, 1996; G€ orlich & Kutay, 1999) . Thus, it is likely that the cytoplasm is acquired in some sperm nuclei during spermiogenesis under certain conditions, although the nuclear activities of spermatids are strikingly different from those in somatic cells and eukaryotic cells. However, the actual mechanism(s) underlying the formation of INCR requires further investigation.
The human sperm nucleus is a highly ordered structure. INCR obviously changes the nuclear integrity and disrupts the nuclear architecture, which unavoidably influences nuclear activities related to events after the spermatozoon has entered the oocyte. However, the underlying effects of INCR associated with impaired fertilization and embryonic development have not been evaluated. Based on the relevant literature and the present study, the negative effects of INCR on post-fertilization events could be related to the following mechanisms: (i) 'Occupying 320 Andrology, 2018, 6, 317-324 effects'. In human sperm nuclei, the distribution of chromosomes (paternal genome) uses non-random positioning. Chromosomes are highly organized and compartmentalized into their own specific regions, chromosome territories (Foster et al., 2005; Zalenskaya & Zalensky, 2004) , which are functionally important in the expression of paternal genes. If INCRs occupy a small or even a large region within the nucleus, then this condition may alter the normal positioning of chromosomes territories, thereby affecting the normal activities of the paternal genome in the fertilized oocyte or early zygote.
(ii) 'Component effects'. After the spermatozoon with INCR enters the oocyte, the 'extracomponent', INCR, also enters the oocyte. The INCR would be delivered to the cytoplasmic environment after the sperm nucleus decondenses the chromatin. As the INCR likely contains none of the cellular components necessary for protein synthesis related to subsequent developmental events, the INCR components in the ooplasm could interact with the normal components of cellular activities, which may disturb early zygotic or embryonic development. (iii) 'Loading effects'. The INCR would be an extra substance for the early zygote or embryo; thus, extrabiochemical activities (e.g., enzymatic reactions) could be induced to treat INCRs, which may cause an extra load for the early zygote or embryo. (iv) 'Damage effects'. Previous studies have demonstrated that the nuclear vacuole is associated with DNA breakage or fragmentation (Perdrix et al., 2011 (Perdrix et al., , 2013 Franco et al., 2012) . Damaged spermatozoa with fragmented DNA have been blamed for low fertility potential. Moreover, evidence has demonstrated that the human sperm nuclear vacuole is associated with male infertility and abnormal reproductive outcomes (Berkovitz et al., 2006; Franco et al., 2012; Fekonja et al. , 2014; Zhu & Li, 2015) . The INCR is located within a vacuole. The vacuole containing INCR would likely contribute to double-defective effects on the status of DNA and embryonic development. In addition, the nucleus containing INCR indicates that the nuclear membranes have been damaged. The human sperm nuclear membrane plays an important role in nuclear chromatin protection and spermatozoa-oocyte fusion. The damaged nuclear membrane may be associated with reductions in the functions of the nuclear membrane. (v) 'Epigenetic effects'. One of the main epigenetic mechanisms in spermatozoa is DNA methylation, which occurs during chromatin condensation in elongating spermatids (Houshdaran et al., 2007; Kobayashi et al., 2007; Carrell et al., 2008; Jenkins & Carrell, 2012) . The INCR also appears in elongating spermatids, which could reflect abnormal chromatin packaging or some degree of DNA fragmentation, thereby influencing the level of DNA methylation. Thus, INCR could likely convey a potential risk for inducing epigenetic modifications or abnormalities. Although there is no direct evidence showing that INCR causes abnormalities of the zygote or embryo, INCR could play multiple harmful roles and contribute to deleterious impacts on post-fertilization events through different mechanisms. The shaping of the sperm head results from complex cellular and nuclear processes during spermiogenesis (Abou-Haila & Tulsiani, 2000; Berruti & Paiardi, 2011) . Thus, head morphological abnormalities may reflect alterations in these processes. Based on this consideration, samples of teratozoospermia, particularly a normal sperm head morphology <4%, were selected to investigate INCR. The results showed that spermatozoa from the teratozoospermia group had a higher incidence of INCR than those of the fertile group. Moreover, in the teratozoospermia group, abnormal sperm morphology was associated with the incidence of INCR, and large and multiple INCRs were more frequent findings. These findings indicated that sperm nuclei from teratozoospermia men underwent more severe disturbances in spermiogenesis, resulting in more INCRs. Moreover, the characteristics of the INCR varied (Fig. 1c-i ), which could result from different degrees of disturbance in spermiogenesis. Therefore, although the INCR cannot currently be determined by routine techniques, more attention should be paid to the possibility of spermatozoa containing INCRs when using spermatozoa with abnormal head morphology for clinical or diagnostic purposes.
The nuclear vacuole contained INCR, but INCR was not positively associated with the nuclear vacuole. The formation of the sperm acrosome occurs in spermiogenesis (Berruti & Paiardi, 2011) . However, no correlation was found between acrosome integrity and INCR incidence. Additionally, in the fertile group, other sperm parameters including abnormal sperm morphology, sperm motility and sperm concentration did not show a relationship with INCR incidence. Moreover, the percentage of abnormal sperm morphology in the teratozoospermia group correlated with INCR incidence. The discrepancy in INCR between fertile and teratozoospermia groups should be further studied. It is likely that spermatozoa from teratozoospermia would have certain specific aetiologies in the shaping of an abnormal sperm head, causing high abnormal head morphology accompanied with an increased level of INCR, while the shaping of an abnormal sperm head in fertile males could result from unspecific causes or not severe pathological factors that are not associated with INCR. Therefore, although teratozoospermia was associated with INCR, the occurrence of INCR would likely be a relatively independent event during spermiogenesis and needs further investigation.
In conclusion, this study clearly demonstrates that INCR occurs during the early process of spermiogenesis and is a common nuclear alteration in human spermatozoa. Spermatozoa from teratozoospermia men contained more INCRs, and the incidence of INCR was associated with sperm abnormal morphology in teratozoospermia samples. Thus, INCRs indicate poor nuclear integrity that may cause underlying damage to the functional activities of the paternal genome during fertilization and subsequent embryonic development. As this study used TEM, some inherent limitations existed. First, the observation of ultra-thin sections of the sperm head provides only fragmental information on intranuclear status. As some INCRs could not be observed, the actual incidence of INCR was influenced. Second, INCR is a phenomenon within the sperm nucleus observed by TEM. There are still many unanswered questions concerning the role(s), mechanism(s) and clinical implications of INCR in reproductive events. Third, this study used a small sample size, and only spermatozoa from teratozoospermia and fertile men were analysed. Investigating other types of spermatozoa from different infertile populations and using more samples should provide further insight into the aetiology of spermatozoa with INCR defects. Fourth, TEM is a complicated and timeconsuming technique. A relatively simple test should be developed to determine the incidence of INCR for diagnostic or routine purposes. Therefore, more experimental studies are needed to further elucidate INCR for basic and clinical aspects.
